Current knowledge of the epidemiology and pathophysiology of neurotrauma and the key clinical and experimental strategies for promoting recovery and regeneration after brain and spinal cord trauma are reviewed. Brief overviews of the epidemiology and pathophysiology of neurotrauma are presented, and the key experimental and clinical treatments for the promotion of recovery and regeneration after brain and spinal cord trauma are discussed.
Current knowledge of the epidemiology and pathophysiology of neurotrauma and the key clinical and experimental strategies for promoting recovery and regeneration after brain and spinal cord trauma are reviewed. Brief overviews of the epidemiology and pathophysiology of neurotrauma are presented, and the key experimental and clinical treatments for the promotion of recovery and regeneration after brain and spinal cord trauma are discussed. N eurotrauma represents a significant proportion of the trauma burden with respect to incidence, mortality, disability, and costs. There has been a remarkable improvement in our understanding of the pathophysiology of neurotrauma. This knowledge has resulted from the development of several experimental models of brain and spinal cord injury which simulate many of the common mechanisms of human injuries. A large number of secondary injury mechanisms have been elucidated including vascular, cellular, ionic, and metabolic derangements. Many neuroprotective strategies have been successful in preclinical trials, and several have been examined in large clinical trials, including many randomized prospective control clinical trials. Unfortunately, very few agents have been successful in improving function in patients with brain or spinal cord injury. Nimodipine improves neurological function in a specific type of brain injury in humans, and there is some evidence that methylprednisolone improves neurological recovery in human spinal cord injury. However, improved triage and acute resuscitation have improved recovery and reduced mortality. Promising experimental results have been achieved with several new strategies to promote regeneration of irreparably damaged central nervous system tissue, the most exciting of which have involved either transplantation of nervous tissue and administration of neurotrophic factors; some of these are currently being applied to humans. There have also been major improvements in the system of care of neurotrauma victims, including better triage and first aid; and useful clinical care guidelines have been developed and distributed in many countries.
EPIDEMIOLOGY OF NEUROTRAUMA AND THE RELATIVE IMPORTANCE OF NEUROTRAUMA
In terms of mortality or lifelong disability, brain and spinal cord injury rank highly as important types of trauma. For example, Kraus 1 found that 57% of all high acuity trauma patients have some neurologic injury, and that half of the 150 000 injury related deaths that occur annually in the US involve a serious brain injury that is primarily responsible for the patient's demise. In Canada, a recent study conducted by the National Trauma Registry 2 showed that for a 12 month period in 1998-99 there were 21 163 head injury admissions and 1347 spinal cord injury admissions. The head injuries represented 11% of injury admissions; the peak percentage was in 15-34 year olds, and the leading causes were unintentional falls (44%) and motor vehicle crashes (32%). The spinal cord injuries represented 1% of injury admissions; the leading causes were motor vehicle crashes (43%) and unintentional falls (36%). Other frequent causes of neurotrauma in Canada are injuries at work and injuries in sports and recreation. Falls at home, especially among seniors, 2 are very common causes of neurotrauma. In some countries, violence is also a major cause of neurotrauma, especially gunshot wounds and other penetrating injuries. Each major brain or spinal cord injury costs society several million dollars for medical costs and lost earnings in addition to the great personal loss sustained by the victims and their families.
EXPERIMENTAL MODELS AND THE PATHOPHYSIOLOGY OF NEUROTRAUMA
The diversity of neurotrauma in humans has required that investigators develop several types of experimental laboratory models of brain or spinal cord injury to simulate the human conditions. The brain injury models have involved acute or chronic compression of the brain to simulate the life threatening compressive lesions such as subdural haematomas, or models which produce concussive and shear forces on the brain to simulate human injuries such as diffuse brain injury and the accompanying tearing of axons. 3 Similarly, in the spinal cord injury field a variety of models have been developed to simulate the common mechanisms of acute contusive forces and continuing compression. 4 Knowledge of the pathophysiology of acute neurotrauma has increased dramatically during the past 10 years. There is evidence for both primary and secondary injury mechanisms. The primary injury is due to mechanical factors such as direct contusion or compression, and the secondary injury is due to one or more damaging processes initiated by the primary injury. [5] [6] [7] CNS tissue undergoes sequential pathological changes after injury including hemorrhage, edema, axonal and neuronal necrosis, and demyelination followed by cyst formation and infarction. The vascular affects of neurotrauma have been extensively studied in experimental models, especially in spinal cord injury. There is strong evidence based on microangiographic and blood flow techniques that severe injury produces major vascular effects consisting of early arterial and venous hemorrhage followed by post-trauma ischaemia due to platelet aggregation and vasospasm. 8 9 There are a number of other damaging secondary injury processes affecting neuronal and glial cells including electrolyte shifts such as increased intracellular calcium, excitotocity especially due to glutamate, eicosanoid excess, damage due to inflammation, and apoptosis. Widespread axonal injuries have been documented after even mild brain injury, and there is strong evidence that diffuse axonal injury is one of the major pathological effects of severe brain injury. 10 There is also experimental evidence for the cumulative effect of repeated brain injury. 11 It appears that there is a genetic factor accounting for the susceptibility to head trauma, the occurrence of repeated trauma, and the risk of the subsequent development of consequences including the possible development of neurodegenerative disorders such as Alzheimer's disease. 12 13 Individuals with the epsilon 4 allele of apolipoprotein E carry an increased risk.
The secondary events begin immediately after trauma, and continue to evolve for days or weeks. Thus, there may be an extended window of opportunity for the application of therapeutic measures.
GUIDELINES, TRIAGE, AND SYSTEMS OF CARE
The knowledge that deleterious secondary injury processes are set in motion soon after trauma, and that some of these processes are amendable to treatment has lead to intense efforts to improve the organization of care of neurotrauma victims with emphasis on rapid, appropriate triage, rapid first aid, and early institution of restoration of homeostasis. It has become recognized that all first aid personnel must be trained in the ABCs (airway, breathing, and circulation) of brain and spinal cord injury resuscitation, with emphasis on homeostasis including restoration of normotension and normoxia and prevention of hyperthermia and spinal misalignment. Treatment in specialized units especially with the capability for intensive care and invasive monitoring is recommended for the acute phase, and similarly specialized units for the rehabilitation phase. Treatment of the whole patient with insistence on prevention of hypoxia, hypotension, and complications has resulted in a reduction in mortality and improved prospects for recovery. 14 Neurotrauma specialty organizations have recently published guidelines for best practices utilizing evidence based approaches in brain and cervical spinal injury. 15 The guidelines are based on the principles of evidence based medicine that include grading and classification of the degree of certainty of clinical and experimental evidence. There has also been a very useful trend in most countries to recommend the adoption and use of standardized, consistent methods for the clinical scoring of the neurological examination and neurological outcome for brain injury, utilizing the Glasgow Coma Scale and Glasgow Outcome Scale [16] [17] [18] and the International Spinal Cord Injury Scale (ISCSCI-92, or ASIA Scale) and scoring system 19 for spinal cord injury. The use of guidelines and standard systems of neurological classification of injuries and assessment of neurological outcomes is highly recommended, especially in rural or remote settings in developed countries and in developing countries where specialist care and specialized facilities may be lacking. The guidelines emphasize the necessity to prevent complications and to view the patient as a whole, and thus it is very likely that they will contribute to improved care and recovery.
PROSPECTS FOR RECOVERY AND REGENERATION AFTER NEUROTRAUMA
Based on the accurate methods now in widespread use for recording the clinical neurological assessment and outcome in neurotrauma, a body of data is now available as a baseline for evaluating new measures to improve the neurological results after neurotrauma. In the brain injury field, the National Traumatic Coma Data Bank in the USA serves as a useful reference, 20 21 and in the spinal cord injury field, the published experience of the Spinal Cord Injury Model Systems, with almost 10 000 cases admitted between 1973 and 1985 22 serves for comparison with subsequent studies. These databanks show that some recovery does occur by natural recovery processes, which likely involves both spontaneous resolution of acute injury events such as swelling and hemorrhage, and general resuscitative and specific therapeutic measures, such as removal of space occupying lesions, including extradural hematomas, in brain injury, and in-driven bone and disc fragments in spinal cord injury. 14 23-26 Recovery has been inversely proportional to the severity of trauma, with less severe injuries showing a much better prognosis. For example, after complete spinal cord injury, the possibility of the return of locomotor function is only about 1%, 27 but in incomplete injuries most patients recover some neurological function. 28 It is of major interest that there has been a gradual shift in incidence from complete to incomplete spinal cord injuries, attributed to improved prevention measures including earlier and more skillful first aid, triage and retrieval, better resuscitation, and seatbelts. 29 The same factors account for an improvement in the overall prospects for recovery. The reliability of assessing these epidemiological events has improved greatly because of the widespread use of uniform and reliable clinical assessment tools, as noted above.
RECOVERY STRATEGIES
In general, the strategies to promote recovery have comprised pharmacological methods of providing neuroprotection and surgical methods to relieve compression by measures such as removal of surface haematomas. Pharmacological strategies have been designed to counteract the specific secondary injury mechanisms such as glutamate excitotoxicity, lipid peroxidation, free radical production, electrolyte shifts, and ischaemia, elucidated in the pathophysiological studies with the experimental models described above; several clinically successful strategies have emerged.
In brain injury, there have been more than 50 clinical trials in the past 20 years, mostly randomized prospective controlled trials. [30] [31] [32] For example, nimodipine, a calcium channel antagonist designed to reduce cerebral vasospasm by reducing intracellular calcium, improves the recovery from brain injury in patients with accompanying traumatic subarachnoid hemorrhage. 33 Unfortunately, clinical trials to reduce glutamate toxicity with measures such as NMDA receptor blockade have failed, partly due to undesirable side effects. In general, trials with anticonvulsants, barbiturates, hyperventilation, and control of raised intracranial pressure have produced negative or conflicting results. 30 After several conflicting or inconclusive trials of various corticosteroids in brain injury, a very large trial of corticosteroids is currently underway in 20 000 patients with acute brain injury. 34 There is strong evidence that recovery is related to the control of raised intracranial pressure, and that agents such as mannitol and barbiturates can reduce intracranial pressure. 35 Although induced hypothermia has not been successful at improving outcome after brain injury, 36 the studies have emphasized the importance of preventing sepsis and fever. It has been postulated that because of the multitude of secondary injury mechanisms to counteract, successful treatment may require combinations of therapies. 31 In spinal cord injury, there have been 10 randomized prospective control trials as recently reviewed by Tator and  Fehlings. 37 For example, methylprednisolone was shown to improve clinical neurological recovery in two large trials. 38 39 However, the improvement in neurological recovery was minimal, and there was an increased rate of sepsis. Indeed, there is continuing controversy about the use of this agent in acute spinal cord injury. 40 "Aggressive" medical management with invasive monitoring and the use of vasopressors to restore normotension is being pursued in many spinal cord injury centers, 41 and there is some clinical interest in early surgical decompression 26 based on clinical and laboratory evidence. 42 However, the only clinical randomized prospective control trial 43 It should be noted that the average time to decompression in the early group was 1.8 days which is much longer than the time windows for effective therapy shown in most experimental trials. 44 Attempts to alter the inflammatory and immune responses to neurotrauma have been made at both the experimental and clinical levels. 45 46 Functional improvement in the rehabilitation and chronic phases has been shown in incomplete spinal cord injury following pharmacotherapy with 4-aminopyridine, a potassium channel blocker designed to prevent potassium entry into demyelinated axons, 47 48 and with physical means such as gait training with gravity assistance methods. 49 The latter technique may stimulate both recovery and regenerative processes.
There is a need for further laboratory investigations and clinical trials of neuroprotection for neurotrauma. For example, we now know that apoptosis continues for several weeks after injury, and that there are antiapoptotic agents which can prevent this continuing loss of cells in experimental studies. 50 
REGENERATION STRATEGIES
Neuroprotection and related strategies such as control of raised intracranial pressure and spinal decompression are more effective with less severe injuries. In contrast, major injuries of the brain or spinal cord require actual regeneration of central nervous system tissue for effective restoration of function. Recent research shows that there is considerable potential for regeneration of adult mammalian brain and spinal cord tissue. One of the most exciting discoveries has been the finding that the adult mammalian central nervous system is capable of regeneration through the presence of stem and progenitor cells in the brain 51 52 and spinal cord. 53 54 A large number of regeneration strategies have shown promising results in experimental settings including transplantation, neurotrophic factors, and gene therapy. 55 Neurotrophic factors produce remarkable proliferation of nervous tissue in vitro and in vivo and have produced improvement of function in several experimental models of neurotrauma. Indeed, specific types of neural and glial regeneration can be induced by specific neurotrophic agents. For example, the neurotrophic factor BDNF produces a dramatic proliferation of Schwann cells, axonal regeneration, and myelination in the injured spinal cord. 56 Indeed, rehabilitation with methods such as physiotherapy has been placed on a much firmer basis with the discovery that the brain produces increased levels of neurotrophic factors during exercise. 57 58 Systemic or intrathecal neurotrophic factors have not yet been successful in patients with non-traumatic neurological disorders, 59 although there have been no reported trials in patients with brain or spinal cord injury. Various types of transplant ranging from peripheral nerves 60 to whole segments of fetal or adult spinal cord 61 62 have been shown to attach to injured CNS tissue and to support axonal regeneration. Indeed, fetal cord tissue has been transplanted into patients with post-traumatic syringomyelia. 63 Peripheral nerve transplantation strategies are based on the seminal experimental work by Richardson and colleagues 64 ; and recently patients with spinal cord injury have shown limited functional improvement after peripheral nerve grafts were inserted into the spinal cord rostral to the injury site, in order to create a bridge from the spinal cord to successfully reinnervate previously non-functioning muscles. 65 
CONCLUSIONS
In summary, research has provided a great deal of information about primary and secondary responses to neurotrauma that are highly relevant to the management of patients with brain and spinal cord injury. In addition, there are a number of experimental strategies for enhancing recovery through neuroprotection and related strategies, and for enhancing regeneration through means such as transplantation, stem cells, and neurotrophic factors. Some of these strategies have been successfully applied to patients, and there is strong hope that further clinical recovery and regeneration may be possible in humans after brain or spinal cord injury. To date, the improvements in neurological recovery are mainly related to the more widespread application of sound principles of early triage and aggressive resuscitation with strict attention to the prevention of hypotension and hypoxia, and to the early relief of persisting compression of damaged nervous tissue. 
